A relatively simple set of calculations was presented in 1994 to evaluate the effectiveness of each ASB cell as reactor, clarifier, and digester. The steady-state model, which incorporated estimates of solids settling and benthal feedback of BOD 5 and nutrients, has been a reasonable diagnostic tool for municipal and industrial applications. Results have aided in understanding normal system function, the nature of chronic inefficiencies of individual systems, and appropriate modifications to meet changes in discharge requirements. For applications in the pulp and paper industry, several changes have been incorporated recently. Nitrogen limitation is not needed in modeling pulp and paper ASB reactions. Slowly biodegradable material is modeled as a contributor to soluble BOD 5 , and this contribution becomes a significant factor in the latter segments of an ASB. Phosphorus availability is modeled as a stoichiometric control of soluble BOD 5 uptake. Anoxic microorganisms are assumed to be responsible for a portion of the soluble BOD 5 consumption in the first ASB aeration zone. Finally, the long-term nutrient capture in ASBs is modeled as 3% for nitrogen and 28% for phosphorus.
INTRODUCTION
Aerated Stabilization Basin (ASB) performance has been commonly estimated by a single first-order equation. Each ASB cell has been treated as one or more ideal completely mixed reactors. The advantage of assuming completely mixed conditions has been simplicity, and predictions of total five-day Biochemical Oxygen Demand (BOD 5 ) removal have been reasonably useful for system operation.
But the simple approach has usually been ineffective for estimation of effluent solids and nutrients, as well as conditions necessary for very low effluent BOD 5 .
All actual ASB cells are partially mixed and thus nonhomogeneous in both space and time. A partially mixed cell will house (a) multiple modes of soluble BOD (SBOD) degradation, (b) settling of solids from the wastewater volume, (c) benthal digestion of settled solids, and (d) benthal feedback of soluble components. In addition, the hydraulic pattern that transports wastewater through the non-homogeneous reactor will be complex rather than uniform. The varying spatial and temporal distributions of temperature, nutrient, electron acceptor, and residence time will cause changes in localized dominant reactions and bacteria.
The incorporation of key attributes of partially mixed cells can be expected to assist in accurate modeling of ASB performance and nutrient discharge. But the detailed simulation of partial-mix complexities would likely result in a cumbersome model that could not be applied economically to numerous small operating issues. Attempts to extend the simple approach just enough to roughly estimate key complexities of partial suspension have been doi: 10.2166/wst.2010.934 documented (NCASI 1985 (NCASI , 2004 (NCASI , 2006 Sackellares et al. 1987; Bryant 1994 Bryant , 1995 . A team from Canada and the United States has recently reported on the application of computational fluid dynamics to model actual ASB hydraulics (Stropky et al. 2007a ) and to combine a simple biological model with the CFD hydraulics (Stropky et al. 2007b) .
Starting with a previously published partial-suspension ASB model (Bryant 1994 (Bryant , 1995 as a baseline, this paper presents changes that incorporate the effects of several additional key factors affecting microbial growth in pulp and paper ASBs.
NITROGEN FIXATION
The presence of nitrogen-fixing bacteria in pulp and paper ASBs has been widely reported (Hardy et al. 1973; Bell et al. 1979; Bruce & Clark 1994; Hynninen & Viljakainen 1995; Clark et al. 1997; Gauthier et al. 2000; Yu & Mohn 2001; Smith et al. 2003; Paice et al. 2008) . Nitrogen-fixing bacteria have been enumerated in a large set of pulp and paper ASBs, and the rate of nitrogen supplied by these bacteria was sufficient to support the observed BOD 5 removal (Lange et al. in press) .
In prior versions of the ASB model, kinetically feasible BOD 5 oxidation and stoichiometrically feasible BOD 5 oxidation were calculated for a cell. When there was insufficient ammonia supplied by input and benthal feedback to support the associated biomass growth uptake, the stoichiometrically feasible BOD oxidation would be limiting. Because nitrogen-fixing bacteria can be expected to provide a sufficient nitrogen supply, nitrogen limitation of kinetically feasible BOD 5 oxidation has been removed from model calculations. However, biomass uptake and benthal feedback of ammonia are still calculated in order to eventually estimate effluent nitrogen content.
SLOWLY BIODEGRADABLE MATERIAL
An ASB treatment system removes significantly more Chemical Oxygen Demand (COD) than BOD 5 from Kraft wastewater, as shown in Table 1 (Bryant & Wiseman 2003) .
In addition to readily biodegradable material, pulp and paper wastewater contains a significant amount of organic material that can be biologically degraded in more than 6 days and a significant amount of material that resists biological degradation for at least 120 days. When available, the results of respirometer tests of effluent long-term oxygen demand can be combined with conventional treatment system data in order to estimate these components of influent wastewater. Results of 7 such analyses from 4 Kraft ASBs are shown in Table 2 .
A term for slowly biodegradable influent material has been included in the current ASB model. The assignment of an influent magnitude for this term requires estimation of the inert fraction of influent COD. In the absence of any long-term effluent respirometer test data, one of several ratios from Table 2 could be used. For example, the inert fraction averaged 32% of influent BOD 5 for the Kraft mills and 20% for the sulfite mill.
The slowly biodegradable material is most likely a collection of lignin degradation products that are gradually converted to simple organic components categorized as SBOD 5 . Contribution of this degradation process to the SBOD 5 concentration grows in importance when moving toward the ASB effluent. A simple first-order reaction is used to describe this breakdown of slowly degradable material:
Based on rough cells-in-series analysis of the 7 data sets summarized in Table 2 
PHOSPHORUS IMPACT ON BIOKINETICS
Wastewater treatment models often include a Monod term to describe the impact of low bio-available soluble phosphorus concentration on substrate utilization.
Municipal and many industrial wastewaters include more bio-available phosphorus than needed for oxidation of BOD 5 , so any impact due to low bio-available phosphorus is rare.
In contrast, pulp and paper wastewaters are usually nutrient deficient, and the front aeration zones of many phosphorus, the growth-independent energy requirement can be estimated as utilizing SBOD 5 at 33% of the overall rate exerted in the presence of ample phosphorus supply.
NON-AEROBIC MICROBES AT MID-AERATION
The strains of bacteria in ASBs treating pulp and paper wastewater have been reported (Hardy et al. 1973; Bruce & Clark 1994; Clark et al. 1997 Originally the ASB model only considered aerobic BOD 5 oxidation which was halted if the available oxygen supply was exhausted. However, the above information infers that anoxic/anaerobic bacteria remain viable and active in the front aeration zones of ASBs, where the 1980; Weijma & Stams 2001) .
The mix of aerobic and anoxic activity is approximated as a function of each cell's oxygen demand/supply ratio.
The supply of dissolved oxygen by high-speed surface aerators can be estimated as 1.25 grams per watt-hour.
The values of SBOD 5 oxidation rate and biomass yield are summarized in Table 5 .
SETTLING AND BENTHAL FEEDBACK
In the ASB model the settling rate of suspended solids is approximated as a function of mixing intensity (Bryant 1994) . The feedback of SBOD 5 , ammonium and orthophosphate into the wastewater column from the benthal layer is assumed to be proportional to the quantity of settled solids.
Analysis of field data from 5 conventional ASBs has indicated that 98% of influent nitrogen and 85% of influent phosphorus exit in ASB effluent (Bryant & Pagoria 2004) .
As shown in Figure 1 , a more recent compilation extracted from the multi-year operations data records of 14 ASBs indicated average nitrogen and phosphorus captures of 4.6 and 22.7%, respectively (Bryant 2005) .
Based on these two surveys, return rates of 72% P and 97% N from settled biomass are used in the model. Two points should be noted regarding these return rates. First, the use of these values assumes that all wastewater nitrogen and phosphorus are utilized for the formation of bacteria which consequently settle to the benthal deposit. If, for example, measurements within the ASB indicate that half of the effluent nitrogen was bio-inert, then the return rate of nitrogen from settled biomass would need to be decreased to 94% to achieve an overall capture of 3% of total nitrogen.
Secondly, previous analyses of ASB have indicated that there is significant internal reuse of nutrients for bacterial growth (Bryant 1994) . Thus, return rates of nutrients from settled biomass in each individual cell of an ASB must be reduced to reflect that nutrients are carried to the benthal zone more than once. Because factors determining the magnitude of internal nutrient reuse are relatively complex, 
UPDATED ASB MODEL
A comparison of the baseline and updated models is presented in Table 6 . The relative importance of individual changes will vary based upon the limitations of the particular ASB analyzed. For this example, updated model 
CONCLUSIONS
Removal of any nitrogen supply limitation for bacterial growth was a major factor for improved modeling BOD 5 and nitrogen species in pulp and paper ASBs.
In the absence of site-specific long-term respirometer data, the inlet SBOD 62120 in pulp and paper wastewater can be estimated as equal to the inlet SBOD 5 . The rate of oxidation of SBOD 62120 to SBOD 5 can be estimated as 0.04 day 21 at 208C.
If the supply of bio-available phosphorus is depleted, the growth-independent energy requirement can be modeled as utilizing SBOD 5 at 33% of the overall rate exerted in the presence of ample phosphorus supply.
Measurements have indicated that a significant population of strictly anoxic/anaerobic heterotrophs remains viable in the front aeration zones of pulp and paper ASBs.
After the available oxygen supply is exhausted, anoxic oxidation of SBOD 5 can be estimated as 25% of the aerobic rate. Aerobic and anoxic reactions may be proceeding simultaneously, but oxygen supply can be used to manage the relative magnitudes of the two reaction sets.
ASB nutrient capture can be modeled as 3 and 28% for nitrogen and phosphorus, respectively. Nutrient feedback rates can be estimated as 0.0593 milligram of nitrogen and 0.0049 milligram of phosphorus per milligram of settled VSS.
